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In the last lecture we saw the two key features of the MSSM

that impact Higgs physics:

- There are two Higgs doublets.

- The scalar potential is constrained by the form of the super-

symmetric Lagrangian.

Let’s start with a closer look at each of these.
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The MSSM requires two Higgs doublets
Reason #1: generating quark masses

The SM Higgs doublet is Φ =

(
φ+

φ0

)
, with 〈φ0〉 = v/

√
2.

Generate the down-type quark masses:

LYuk = −yd d̄RΦ†QL + h.c.

= −yd d̄R
(
φ−, φ0∗)

(
uL
dL

)
+ h.c.

= −yd
v√
2

(
d̄RdL + d̄LdR

)
+ interactions

= −md d̄d+ interactions

Generate the up-type quark masses:

LYuk = −yu ūRΦ†QL + h.c.?

Does not work! Need to put the vev in the upper component of
the Higgs doublet.
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Can sort this out by using the conjugate doublet Φ̃:
[not to be confused with a superpartner....]

Φ̃ ≡ iσ2Φ∗ = i

(
0 −i
i 0

)(
φ−
φ0∗

)
=

(
φ0∗
−φ−

)

LYuk = −yuūRΦ̃†QL + h.c.

= −yuūR
(
φ0,−φ+

)( uL
dL

)
+ h.c.

= −yu
v√
2

(ūRuL + ūLuR) + interactions

= −mu ūu+ interactions

Works fine in the SM!

But in SUSY we can’t do this, because LYuk comes from
−1

2W
ijψiψj + c.c. with W ij = M ij + yijkφk.

W must be analytic in φ

−→ not allowed to use complex conjugates.
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Instead, need a second Higgs doublet with opposite hypercharge:

H1 =

(
H0

1
H−1

)
H2 =

(
H+

2
H0

2

)

LYuk = −yd d̄R εijHi
1Q

j
L − yu ūR εijH

i
2Q

j
L + h.c. ok!

= −yd
v1√

2
d̄d− yu

v2√
2
ūu+ interactions

[lepton masses work just like down-type quarks]

Two important features:

- Both doublets contribute to the W mass, so need v2
1+v2

2 = v2
SM.

Ratio of vevs is not constrained; define parameter tanβ ≡ v2/v1.

- tanβ shows up in couplings when yi are re-expressed in terms

of fermion masses.

yd =

√
2md

v cosβ
yu =

√
2mu

v sinβ
y` =

√
2m`

v cosβ
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The MSSM requires two Higgs doublets
Reason #2: anomaly cancellation

Chiral fermions (where the left-handed and right-

handed fermions have different couplings) can cause

chiral anomalies. anomaly diagram→

Breaks the gauge symmetry—generally very bad.

Standard Model: chiral anomalies all miraculously cancel within
one fermion generation:

pure hypercharge :
∑

all f

Y 3
f = 0

hypercharge and QCD :
∑

all q

Yq = 0

hypercharge and SU(2) :
∑

weak doublets

Yd = 0

Higgs has no effect on this since it’s not a chiral fermion.
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Supersymmetric models: Higgs is now part of a chiral supermul-

tiplet. Paired up with chiral fermions! (Higgsinos)

The Higgsinos contribute to the chiral anomalies.

One Higgs doublet: carries hypercharge and SU(2) quantum

numbers; gives nonzero Y 3
f and Yd anomalies.

To solve this, introduce a second Higgs doublet with opposite

hypercharge: sum of anomalies cancels.

[This is exactly the same as the requirement from generating up and down quark masses.]

MSSM is the minimal supersymmetric extension of the SM.

- Minimal SUSY Higgs sector is 2 doublets.

- More complicated extensions can have larger Higgs content

(but must contain an even number of doublets).
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Higgs content of the MSSM

Standard Model: Φ =

(
φ+

(v + φ0,r + iφ0,i)/
√

2

)

- Goldstone bosons G+ = φ+, G0 = φ0,i “eaten” by W+ and Z.

- One physical Higgs state H0 = φ0,r.

MSSM: H1 =

(
(v1 + φ

0,r
1 + iφ

0,i
1 )/
√

2
φ−1

)

MSSM: H2 =

(
φ+

2
(v2 + φ

0,r
2 + iφ

0,i
2 )/
√

2

)
tanβ ≡ v2/v1

- Still have one charged and one neutral Goldstone boson:

G+ = − cosβ φ−∗1 + sinβ φ+
2 G0 = − cosβ φ0,i

1 + sinβ φ0,i
2

- Orthogonal combinations are physical particles: [mixing angle β]

H+ = sinβ φ−∗1 + cosβ φ+
2 A0 = sinβ φ0,i

1 + cosβ φ0,i
2

- Two CP-even neutral physical states mix: [mixing angle α]

h0 = − sinαφ0,r
1 + cosαφ0,r

2 H0 = cosαφ0,r
1 + sinαφ0,r

2
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What are these physical states?

Masses and mixing angles are determined by the Higgs potential.

For the most general two-Higgs-doublet model:

Marcos [28] appeared that emphasizes the techniques of invariants and addresses some of

the issues considered in this paper.
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APPENDIX A: BASIS CHOICES FOR THE TWO-HIGGS DOUBLET MODEL

In this appendix, we review the most general two-Higgs-doublet extension of the Standard

Model [4, 14, 24]. Let Φ1 and Φ2 denote two complex Y = 1, SU(2)L doublet scalar fields.

The most general gauge invariant scalar potential is given by

V = m2
11Φ

†
1Φ1 + m2

22Φ
†
2Φ2 − [m2

12Φ
†
1Φ2 + h.c.]

+1
2
λ1(Φ

†
1Φ1)

2 + 1
2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
{

1
2
λ5(Φ

†
1Φ2)

2 + [λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)]Φ

†
1Φ2 + h.c.

}
, (A1)

where m2
11, m2

22, and λ1, · · · , λ4 are real parameters. In general, m2
12, λ5, λ6 and λ7 are

complex. The scalar fields will develop non-zero vacuum expectation values if the mass

matrix m2
ij has at least one negative eigenvalue. We assume that the parameters of the

scalar potential are chosen such that the minimum of the scalar potential respects the

U(1)EM gauge symmetry[29]. Then, the scalar field vacuum expectations values are of the

form24

〈Φ1〉 =
1√
2




0

v1


 , 〈Φ2〉 =

1√
2




0

v2 eiξ


 , (A2)

24 In writing eq. (A2), we have used a global SU(2)W rotation to put the non-zero vacuum expectation values

in the lower component of the doublet, and a global hypercharge U(1) rotation to eliminate the phase

of v1.

33

from Haber & Davidson, PRD72, 035004 (2005)

MSSM is much more constrained, because of supersymmetry.

Supersymmetric part:

L ⊃ −W ∗i Wi −
1

2

∑

a
g2
a(φ∗T aφ)2

recall W i = M ijφj + 1
2
yijkφjφk
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The only relevant part of the superpotential is W = µH1H2.

The rest of the SUSY-obeying potential comes from the D

(gauge) terms, V ⊃ 1
2
∑
a g

2
a(φ∗T aφ)2.

VSUSY = |µ|2H†1H1 + |µ|2H†2H2

+
1

8
g′2

(
H
†
2H2 −H†1H1

)2

+
1

8
g2
(
H
†
1σ

aH1 +H
†
2σ

aH2

)2

Note only one unknown parameter, |µ|2! (g, g′ are measured.)

But there is also SUSY breaking, which contributes three new

quadratic terms:

Vbreaking = m2
H1
H
†
1H1 +m2

H2
H
†
2H2 +

[
b εijH

i
2H

j
1 + h.c.

]

Three more unknown parameters, m2
H1

, m2
H2

, and b.

Heather Logan (Carleton U.) SUSY (2/4) HCPSS 2010

11



Combining and multiplying everything out yields the MSSM Higgs
potential, at tree level:

V = (|µ|2 +m2
H1

)
(
|H0

1 |2 + |H−1 |2
)

+ (|µ|2 +m2
H2

)
(
|H0

2 |2 + |H+
2 |2

)

+
[
b (H+

2 H
−
1 −H0

2H
0
1) + h.c.

]

+
1

8

(
g2 + g′2

) (
|H0

2 |2 + |H+
2 |2 − |H0

1 |2 − |H−1 |2
)2

+
1

2
g2
∣∣∣H+

2 H
0∗
1 +H0

2H
−∗
1

∣∣∣
2

Dimensionful terms: (|µ|2 +m2
H1,2

), b set the mass-squared scale.
µ terms come from F-terms: SUSY-preserving
m2
H1,2

and b terms come directly from soft SUSY breaking

Dimensionless terms: fixed by the gauge couplings g and g′
D-term contributions: SUSY-preserving

Three relevant unknown parameter combinations:
(|µ|2 +m2

H1
), (|µ|2 +m2

H2
), and b.

[All this is tree-level: it will get modified by radiative corrections.]
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The scalar potential fixes the vacuum expectation values, mass

eigenstates, and 3– and 4–Higgs couplings.

Step 1: Find the minimum of the potential using ∂V
∂Hi

= 0.

This lets you solve for v1 and v2 in terms of the Higgs potential

parameters. Usually use these relations to eliminate (|µ|2 +m2
H1

)

and (|µ|2 +m2
H2

) in favor of the vevs.

[Eliminate one unknown: v2
1 + v2

2 = v2
SM.]

Step 2: Plug in the vevs and collect terms quadratic in the fields.

These are the mass terms (and generically include crossed terms like

H+
1 H

−
2 ). Write these as M2

ijφiφj and diagonalize the mass-squared

matrices to find the mass eigenstates.
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Results: Higgs masses and mixing angle
[Only 2 unknowns: tanβ and MA0.]

M2
A0 = 2b

sin 2β M2
H± = M2

A0 +M2
W

M2
h0,H0 = 1

2

(
M2
A0 +M2

Z ∓
√

(M2
A0 +M2

Z)2 − 4M2
ZM

2
A0 cos2 2β

)

[By convention, h0 is lighter than H0]

Mixing angle for h0 and H0:

sin 2α

sin 2β
= −

M2
A0 +M2

Z

M2
H0 −M2

h0

cos 2α

cos 2β
= −

M2
A0 −M2

Z

M2
H0 −M2

h0

[Note M2
W = g2v2/4 and M2

Z = (g2 + g′2)v2/4: these come from the g2 and g′2

terms in the scalar potential.]

- A0, H0 and H± masses can be arbitrarily large: grow with 2b
sin 2β.

- h0 mass is bounded from above: Mh0 < | cos 2β|MZ ≤MZ (!!)

This is already ruled out by LEP! The MSSM would be dead if
not for the large radiative corrections to Mh0.
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Mass matrix for φ0,r
1,2:

2 Higgs and sbottom masses in the MSSM

In the MSSM, the parameters of the Higgs sector are constrained at tree-level
in such a way that the Higgs masses and mixing angles depend on only two
unknown parameters. These are commonly chosen to be the mass of the CP-
odd neutral Higgs boson A0 and the ratio of the vacuum expectation values
(vevs) of the two Higgs doublets, tanβ = v2/v1. (For a review of the MSSM
Higgs sector, see [19].) In terms of these parameters, the mass of the charged
Higgs boson H± at tree level is M2

H± = M2
A + M2

W , and the masses of the
CP-even neutral Higgs bosons h0 and H0 are obtained by diagonalizing the
tree-level mass-squared matrix,

M2 =

(
M2

A sin2 β + M2
Z cos2 β −(M2

A + M2
Z) sin β cos β

−(M2
A + M2

Z) sin β cos β M2
A cos2 β + M2

Z sin2 β

)
. (2.1)

The eigenvalues of this matrix are,

M2
H0,h0 =

1

2

[
M2

A + M2
Z ±

√
(M2

A + M2
Z)

2 − 4M2
AM2

Z cos2 2β
]

, (2.2)

with Mh0 < MH0 . At tree-level, Mh0 ≤ MZ | cos 2β|; this bound is saturated
at large MA. We choose a convention where the vevs are positive so that
0 < β < π/2. The mixing angle that diagonalizes M2 is given at tree-level
by

tan 2α = tan 2β
M2

A + M2
Z

M2
A − M2

Z

. (2.3)

In the conventions employed here, −π/2 < α < 0 (see ref. [20] for further
details). From the above results it is easy to obtain:

cos2(β − α) =
M2

h0(M2
Z − M2

h0)

M2
A(M2

H0 − M2
h0)

. (2.4)

In the limit of MA # MZ , the expressions for the Higgs masses and mixing
angle simplify and one finds

M2
h0 $ M2

Z cos2 2β ,

M2
H0 $ M2

A + M2
Z sin2 2β ,

cos2(β − α) $ M4
Z sin2 4β

4M4
A

. (2.5)

Two consequences are immediately apparent. First, MA $ MH0 $ MH±, up
to corrections of O(M2

Z/MA). Second, cos(β − α) = 0 up to corrections of
O(M2

Z/M2
A). This limit is known as the decoupling limit because when MA

is large, one can define an effective low-energy theory below the scale of MA

in which the effective Higgs sector consists only of one light CP-even Higgs

5

Radiative corrections come mostly

from the top and stop loops.

New mass matrix:

M2 =M2
tree +

(
∆M2

11 ∆M2
12

∆M2
21 ∆M2

22

)

Have to re-diagonalize.

Leading correction to Mh0:

∆M2
h0 '

3

4π2
v2y4

t sin4 β ln

(
mt̃1

mt̃2

m2
t

)

Revised bound (full 1-loop + dominant 2-loop): Mh0 . 135 GeV.
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Higgs masses as a function of MA [for tanβ small (3) and large (30)]

Figure 14: Lightest CP-even Higgs mass (mh), heaviest CP-even Higgs mass (mH) and charged Higgs mass (mH± ) as a
function of mA for two choices of tanβ = 3 and tanβ = 30. Here, we have taken Mt = 174.3 GeV, and we have assumed
that the diagonal soft squark squared-masses are degenerate: MSUSY ≡ MQ = MU = MD = 1 TeV. In addition, we
choose the other supersymmetric parameters corresponding to the maximal mixing scenario. The slight increase in the
charged Higgs mass as tan β is increased from 3 to 30 is a consequence of the radiative corrections.

maximal mixing. For each value of tanβ, we denote the maximum value of mh by mmax
h (tanβ) [this

value also depends on the third-generation squark mixing parameters]. Allowing for the uncertainty
in the measured value of mt and the uncertainty inherent in the theoretical analysis, one finds for
MSUSY <∼ 2 TeV that mh ≤ mmax

h ≡ mmax
h (tan β $ 1), where

mmax
h % 122 GeV, if top-squark mixing is minimal,

mmax
h % 135 GeV, if top-squark mixing is maximal. (45)

In practice, parameters leading to maximal mixing are not expected in typical models of supersymmetry
breaking. Thus, in general, the upper bound on the lightest Higgs boson mass is expected to be
somewhere between the two extreme limits quoted above. Cross-checks among various programs [157]
and rough estimates of higher order corrections not yet computed suggest that the results for Higgs
masses should be accurate to within about 2 to 3 GeV over the parameter ranges displayed in figs. 12–14.

In fig. 14, we exhibit the masses of the CP-even neutral and the charged Higgs masses as a function

35

from Carena & Haber,

hep-ph/0208209

For large MA:

- Mh asymptotes

- MH0 and MH+ become increasingly degenerate with MA
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Higgs couplings

Higgs couplings to fermions are controlled by the Yukawa La-

grangian,

LYuk = −y` ēRεijHi
1L

j
L − yd d̄R εijH

i
1Q

j
L − yu ūR εijH

i
2Q

j
L + h.c.

tanβ-dependence shows up in couplings when yi are re-expressed

in terms of fermion masses:

y` =

√
2m`

v cosβ
yd =

√
2md

v cosβ
yu =

√
2mu

v sinβ

Higgs couplings to gauge bosons are controlled by the SU(2)

structure.

Plugging in the mass eigenstates gives the actual couplings.
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Couplings of h0 (the light Higgs)

h0W+W− : igMWgµν sin(β − α)

h0ZZ : i
gMZ

cos θW
gµν sin(β − α)

h0t̄t : i
gmt

2MW
[sin(β − α) + cotβ cos(β − α)]

h0b̄b : i
gmb

2MW
[sin(β − α)− tanβ cos(β − α)]

[h0`+`− coupling has same form as h0b̄b]

Controlled by tanβ and the mixing angle α.

In the “decoupling limit” MA0 �MZ, cos(β − α) goes to zero:

cos(β − α) ' 1

2
sin 4β

M2
Z

M2
A0

Then all the h0 couplings approach their SM values!
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LEP searches for h0

e+e− → Z∗ → Zh0: coupling igMZ
cos θW

gµν sin(β − α)
- Production can be suppressed compared to SM Higgs
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LEP searches for h0

e+e− → Z∗ → h0A0: coupling ∝ cos(β − α)
- Complementary to Zh0

- Combine searches for overall MSSM exclusion
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LHC searches for h0

Decoupling limit

(large MA0):

- h0 search basically the

same as SM Higgs search

- Mass . 135 GeV:

lower-mass search chan-

nels most important

- Challenging channels

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ≈

√

−2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating

27

HIGGS – STATISTICAL COMBINATION OF SEVERAL IMPORTANT STANDARD MODEL HIGGS . . .

310

1506

SM Higgs significance, ATLAS CSC book, arXiv:0901.0512
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Couplings of H0 and A0

H0W+W− : igMWgµν cos(β − α)

H0ZZ : i
gMZ

cos θW
gµν cos(β − α)

H0t̄t : i
gmt

2MW
[−cotβ sin(β − α) + cos(β − α)]

H0b̄b : i
gmb

2MW
[tanβ sin(β − α) + cos(β − α)]

A0t̄t :
gmt

2MW
cotβγ5 A0b̄b :

gmb

2MW
tanβγ5

Couplings to leptons have same form as b̄b.

Remember the decoupling limit cos(β − α)→ 0:

- b̄b and ττ couplings go like tanβ: can be strongly enhanced.

- t̄t couplings go like cotβ: can be strongly suppressed.

Can’t enhance t̄t coupling much: perturbativity limit.
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Tevatron searches for H0 and A0

Use bbH0, bbA0 couplings: enhanced at large tanβ
- bb→ H0, A0, decays to ττ (most sensitive) or bb

ττ channel, CDF + DZero, arXiv:1003.3363
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LHC searches for H0 and A0

Same idea, higher mass reach because of higher beam energy

and luminosity

bb→ H0, A0 → µµ channel: rare decay but great mass resolution!
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Figure 25: Combined analyses results: (left) tan! values needed for the 5" -discovery at
L =10 fb−1 and L =30 fb−1, shown in dependence on the A boson mass and (right) combined
95% CL exlucion limits.

close to the pole mass of the Z boson. The tan! values above ∼16 can be excluded already with 10 fb−1
of integrated luminosity in case of the Higgs boson masses up to 200 GeV.

10 Conclusions

In this note, the potential for the discovery of the neutral MSSM Higgs boson is evaluated in the dimuon
decay channel. As opposed to the Standard Model predictions, the decay of neutral MSSMHiggs bosons
A,H and h into two muons is strongly enhanced in the MSSM. In addition, the µ+µ− final state provides
a very clean signature in the detector.
The event selection criteria are optimized in the signal mass range from 100 to 500 GeV, separately

for the signatures with 0 b-jets and with at least one b-jet in the final state. The obtained combined result
shows that an integrated luminosity of 10 fb−1 allows for the discovery for mA masses up to 350 GeV
with tan! values between 30 and 60. Three times higher luminosity allows for an increased sensitivity
down to tan!=20. The theoretical and detector-related systematic uncertainties are shown to degrade
the signal significance by up to 20%. This takes into account that the background contribution can be
estimated from the data with an accuracy of ∼2-10%/L [fb−1].
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Couplings of H±

H+τ−ν̄ : i
g√

2MW
[mτ tanβPR]

Important for decays

H+t̄ b : i
g√

2MW
Vtb [mt cotβPL +mb tanβPR]

Important for production and decays

H+c̄s coupling has same form

Couplings to another Higgs and a gauge boson are usual SU(2)

form.

γH+H−, ZH+H− Search for pair production at LEP

W+H−A0, W+H−H0 Associated production at LHC

Heather Logan (Carleton U.) SUSY (2/4) HCPSS 2010
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LEP searches for H±

e+e− → γ∗, Z∗ → H+H−

H± decays to τν or cs

- Assume no other decays

Major background from W+W−

especially for H+ → cs

Limit MH+ > 78.6–89.6 GeV

CHARGED HIGGS - PRELIMINARY

0

0.2

0.4

0.6

0.8

1

60 65 70 75 80 85 90 95
charged Higgs mass (GeV/c2)

Br
(H
→
τν

)

LEP 189-209 GeV

Figure 3: The 95% CL bounds on mH± as a function of the branching ratio B(H+→τ+ν), combining
the data collected by the four LEP experiments at energies from 189 to 209 GeV. The expected exclusion
limits are indicated by the thin solid line and the observed limits by the thick solid one. The shaded
area is excluded at the 95% CL.

6

LEP combined, hep-ex/0107031
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Tevatron searches for H±

Look for t→ H+b. Coupling igVtb√
2MW

[mt cotβPL +mb tanβPR]

- Sensitive at high and low tanβ.
- Decays to τν or cs.

BR(H+ → cs̄) = 1:

Look for Mjj 6= MW .

BR(H+ → τν) > 0:

Look at final-state fractions.
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FIG. 2: The upper limits on B(t → H+b) at 95% C.L for charged Higgs masses of 60 to 150

GeV/c2 except a region for mH+ ≈ mW . The observed limits (points) in 2.2 fb−1 CDF II data are

compared to the expected limits (solid line) with 68% and 95% uncertainty band.

mH+(GeV/c2) 60 70 90 100 110 120 130 140 150

Expected 0.13 0.19 0.22 0.15 0.13 0.12 0.10 0.10 0.09

Observed 0.09 0.12 0.32 0.21 0.15 0.12 0.08 0.10 0.13

TABLE I: Expected and Observed 95% C.L. upper limits on B(t → H+b) for H+ masses of 60 to

150 GeV/c2.

dijet final state like the H+ → cs̄ in top quark decays. Here, we extend the search below the

W boson mass [20] down to 60 GeV/c2 for any non-SM scalar charged boson produced in

top quark decays, t → X+(→ ud̄)b. This process is simulated for the CDF II detector and

is similar to H+ → cs̄. In the simulation, we obtain a better dijet mass resolution for ud̄

decays than for the cs̄ decays. The difference in the mass resolution comes from the smaller

chance of false b-tagging from light quark final states of X+ than the cs̄ decays, thus result-

ing in a smaller ambiguity of jet-parton assignments in the tt̄ reconstruction. Consequently,

the upper limits on B(t → X+(→ ud̄)b) are lower than the limits on B(t → H+(→ cs̄)b)

regardless of the charged boson mass.

In summary, we have searched for a non-SM scalar charged boson, primarily the charged

13
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FIG. 4: Upper limit on B(t → H+b) for the simultaneous fit
of B(t → H+b) and σtt̄ versus MH+ . The yellow band shows
the ±1 SD band around the expected limit.

coupling at the electroweak scale; Xt = A − µ cotβ is
the stop mixing parameter; M2 denotes a common SU(2)
gaugino mass at the electroweak scale; and M3 is the
gluino mass. The top quark mass, which has a significant
impact on the calculations through radiative corrections,
is set to the current world average of 173.1 GeV [14].

Direct searches for charged Higgs bosons have been
performed by the LEP experiments resulting into limits
of MH+ < 79.3 GeV in the framework of 2HDM [18].
Indirect bounds on MH+ in the region of tanβ < 40
were obtained for several MSSM scenarios [19], two of
which are identical to the ones presented in Sect.VC and
VD of this paper.

TABLE IV: Summary of the most important SUSY parameter
values (in GeV) for different MSSM benchmark scenarios.

parameter CPXgh mh-max no-mixing
µ 2000 200 200
MSUSY 500 1000 2000
A 1000 · exp(iπ/2)
Xt 2000 0
M2 200 200 200
M3 1000 · exp(iπ) 800 1600

A. Leptophobic model

A leptophobic model with a branching ratio of
B(H+ → cs̄) = 1 is possible in MHDM [4, 5]. Here
we calculate the branching ratio B(t → H+b) as a func-
tion of tanβ, and the charged Higgs boson mass including
higher order QCD corrections [20] using FeynHiggs [21].
Figure 5 shows the excluded region of [tanβ, MH+ ] pa-
rameter space. For tan β = 0.5, for example, MH+ up to
153 GeV are excluded. For low MH+ , values of tanβ up
to 1.7 are excluded. These are the most stringent limits

on the [tanβ, MH+ ] plane in leptophobic charged Higgs
boson models to date.
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FIG. 5: Excluded regions of [tan β, MH+ ] parameter space for
leptophobic model. The yellow band shows the ±1 SD band
around the expected limit.

B. CPX model with generation hierarchy

B(H+ → τ+ν) + B(H+ → cs̄) ≈ 1 can be realized in
a particular CPX benchmark scenario (CPXgh) [7] of the
MSSM. This scenario is identical to the CPX scenario
investigated in [19] except for a different choice of arg(A)
and an additional mass hierarchy between the first two
and the third generation of sfermions which is introduced
as follows:

MX̃1,2
= ρX̃MX̃3

, (3)

where X̃ collectively represents the chiral multiplet for
the left-handed doublet squarks Q̃, the right-handed up-
type (down-type) squarks Ũ (D̃), the left-handed doublet
sleptons L̃ or the right-handed charged sleptons Ẽ. Tak-
ing ρŨ,L̃,Ẽ = 1, ρQ̃,D̃ = 0.4 and requiring that the masses
of the scalar left- and right-handed quarks and leptons
are large MQ̃3,D̃3

= 2MŨ3,L̃3,Ẽ3
= 2 TeV, we calculate

the branching ratios B(t → H+b) including higher or-
der QCD and higher order MSSM corrections using the
CPXgh MSSM parameters in Table IV. The calculation
is performed with the program CPsuperH [22]. Figure 6
shows the excluded region in the [tanβ, MH+ ] parameter
space. Theoretically inaccessible regions indicate parts
of the parameter space where perturbative calculations
can not be performed reliably. In the [tanβ, MH+ ] re-
gion analyzed here, the sum of the branching ratios was
found to be B(H+ → τ+ν) + B(H+ → cs̄) > 0.99 ex-
cept for values very close to the blue region which in-
dicates B(H+ → τ+ν) + B(H+ → cs̄) < 0.95. The
charged Higgs decay H+ → τ+ν dominates for tanβ be-
low 22 and above 55. For the rest of the [tanβ, MH+ ]
parameter space both the hadronic and the tauonic de-
cays of charged Higgs bosons are important. In the re-

CDF, PRL103, 101803 (2009) DZero, arXiv:0908.1811
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LHC searches for H±

Light charged Higgs:

top decay t→ H+b with H+ → τν.

Table 4: tt̄ → bH+bW → bτ(had)νbqq: Final event selection results. The cross-sections after all
cuts are given in fb and for tanβ = 20 as well as the relative cut efficiencies. Standard Model
cross-sections are given for tt̄ . Backgrounds not tabulated have been found to be negligible.

Channel Cut Signal tt̄ ≥ 1 e/µ/τ
[fb] [/] [fb] [/]

H+ 90 GeV LH > 0.6 56.2 0.413 55.8 0.182
mT >50 GeV 35.3 0.628 32.1 0.574

H+ 110 GeV LH > 0.6 53.6 0.478 52.7 0.172
mT >60 GeV 35.1 0.655 27.9 0.529

H+ 120 GeV LH > 0.6 42.6 0.455 45.5 0.148
mT >60 GeV 32.5 0.764 29.0 0.636

H+ 130 GeV LH > 0.6 38.3 0.483 50.7 0.165
mT >65 GeV 31.4 0.819 25.9 0.510

H+ 150 GeV LH > 0.8 14.0 0.467 26.9 0.088
mT >75 GeV 9.3 0.662 10.3 0.385
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Figure 2: tt̄ → bH+bW → bτ(had)νbqq: Discovery (left) and exclusion contour (right) for Scenario
B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty is
assumed to be 10% for the background, and 24% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.

depends on the mass point for which the analysis is performed, i.e. one will need to run a separate
analysis using a different likelihood discriminant for each mass point. Therefore the background rejection
will naturally depend on the mass point for which it is evaluated.

The shape-based Profile Likelihood method (see Section 6) is applied on the entire transverse mass
histogram for each masspoint, in order to extract the significance of the signal hypothesis. Fig. 2 shows
the discovery contour in the (tanβ , mH+) plane for an integrated luminosity of L = 10 fb−1 as well as
the exclusion reach for L = 1 fb−1.

3.2 tt̄ → bH+bW → bτ(lep)νbqq

The events of the leptonic τ channel are characterized by a single isolated lepton, and large missing
energy due to three neutrinos in the final state. A full reconstruction of the event is therefore impossible.
Instead, kinematic properties of the event are used to discriminate between the signal and the main
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ATLAS CSC book, arXiv:0901.0512

Heavy charged Higgs:

associated production pp→ tH−.

most of sensitivity with H+ → τν;

H+ → t̄b contributes but large background.
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Figure 19: Scenario B (mh-max): Combined Results. Left: Discovery contour, Right: Exclusion contour.
Statistical errors arising from simulation statistics are neglected.
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Figure 20: Model-independent: Combined light H+ results in the (mH+ , BR(t → H+b))-plane. Left:
Discovery contour, Right: Exclusion contour. Systematic uncertainties and statistical uncertainties are
included. BR(H+→ τν) = 1 is assumed.
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Figure 21: Model-independent: Heavy H+ results in the (mH+ , σ )-plane. Left: Discovery contour,
Right: Exclusion contour. Systematic uncertainties and statistical uncertainties are included.
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Search for all the MSSM Higgs bosons at LHC
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What if only h0 is accessible?

Try to distinguish it from the SM Higgs using coupling measure-

ments.

h0W+W− : igMWgµν sin(β − α)

h0ZZ : i
gMZ

cos θW
gµν sin(β − α)

h0t̄t : i
gmt

2MW
[sin(β − α) + cotβ cos(β − α)]

h0b̄b : i
gmb

2MW
[sin(β − α)− tanβ cos(β − α)]

Other couplings:

- ggh0: sensitive to h0t̄t coupling, top squarks in the loop.

- h0γγ: sensitive to h0W+W−, h0t̄t, couplings, charginos and top

squarks in the loop.

Heather Logan (Carleton U.) SUSY (2/4) HCPSS 2010
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Coupling fit at the LHC:

Look for discrepancies from SM predictions
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Dührssen et al, PRD70, 113009 (2004)

Heather Logan (Carleton U.) SUSY (2/4) HCPSS 2010

31



Major motivation for ILC: probe h0 couplings with much higher

precision.
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Going beyond the MSSM

Simplest extension of MSSM is to add an extra Higgs particle.

- NMSSM, nMSSM, MNSSM, etc.

New chiral supermultiplet S

- Gives an “extra Higgs”

- Couples only to other Higgses (before mixing): hard to detect,

can be quite light

- Exotic decays h0 → ss

- Decays s→ b̄b, ττ , γγ made possible by mixing

µ

µ
τ
τ

a0 a0

h0
ET�

FIG. 4: Schematic of Higgs decay chain. The muons and taus
will be highly boosted and nearly collinear. It is likely that
the taus will be reconstructed as one jet. Most of the ET� in
the event will be in the direction of this jet.

a nearly-collinear pair of taus on the other, which we
refer to as a ditau (diτ). Each tau has a 66% hadronic
branching fraction; consequently, there is a 44% proba-
bility that both taus will decay into pions and neutrinos,
which the detector will see as jets and missing energy.
Even if the taus do not both decay hadronically, there is
still missing energy, as well as a jet and a lepton, except
when both taus decay to muons, which occurs ∼ 3% of
the time. The signal of interest is

pp → µ+µ− + diτ + ET� ,

where the missing energy comes from the boosted neu-
trinos and points in the direction of the ditau. Because
the taus are nearly collinear, the ditaus are often not
resolved, leading to a single jet-like object.

Signal events for a 7 GeV pseudoscalar decaying
into 2µ2τ (�µτ = 0.8%) were generated, showered, and
hadronized using PYTHIA 6.4 [25].3 Unlike at LEP, the
overall magnitude of the Standard Model Higgs produc-
tion cross section is sensitive to physics beyond the Stan-
dard Model and it is possible to increase the cross section
by an order of magnitude by adding new colored parti-
cles that couple to electroweak symmetry breaking. In
this study, the NNLO Standard Model production cross
section was used as the benchmark value [4].

PGS [27] was used as the detector simulator. Be-
cause the muons are adjacent, standard isolation cannot
be used. The muon isolation criteria must be modified
to remove the adjacent muon’s track and energy before
estimating the amount of hadronic activity nearby. As
a result, we did not require standard muon isolation in
this study and instead reduced the overall efficiency by
a factor of 50% to approximate the loss of signal events
from modified isolation.

3 PYTHIA does not keep spin correlations in decays. This approx-
imation does not affect the signal considered here because the
taus are highly boosted in the direction of a0 and any kinematic
dependence on spin is negligible. As verification of this, TAUOLA
[26] was used to generate the full spin correlated decays.

fb/GeV TeV LHC

DY+j 0.15 0.24

W+W− 0.03 0.08

tt̄ 0.02 0.14

bb̄ <∼ 0.001 ∼ 0.03

Υ + j 0.001 0.002

µµ+ττ � 0.001 <∼ 0.001

J/ψ + j � 0.001 � 0.001

Total 0.20 0.49

TABLE II: Continuum backgrounds for low invariant mass
muons pairs with missing energy (dσ/dMµµ) for the h0 →
a0a0 → (µ+µ−)(ττ) search at the Tevatron and LHC in units
of fb/GeV. The backgrounds are given for pµµ

T , ET� , and ∆R
cuts optimized for a 100 GeV Higgs.

B. Backgrounds

There are several backgrounds to this search: Drell-
Yan muons recoiling against jets, electroweak processes,
and leptons from hadronic resonances. The Drell-Yan
background is the most important. The missing energy
that results from the tau decays is a critical feature in
discriminating the signal from the background. In ad-
dition, the fact that the missing energy is in the oppo-
site direction as the muons reduces the background from
hadronic semileptonic decays.

The primary background arises from Drell-Yan
muons recoiling against a jet. The missing energy is
either due to mismeasurement of the jet’s energy or to
neutrinos from heavy flavor semi-leptonic decays in the
jet. In the former instance, the analysis is sensitive to
how PGS fluctuates jet energies. While PGS does not pa-
rameterize the jet energy mismeasurement tail correctly,
the background only needs an O(30%) fluctuation in the
energy, which is within the Gaussian response of the de-
tector. The Drell-Yan background was generated using
MadGraph/MadEvent, v.4.4.164 [28] and was matched
up to 3j using an MLM matching scheme. It was then
showered and hadronized with PYTHIA. Again, the stan-
dard muon isolation criteria could not be applied and we
used the same 50% efficiency factor that was used for the
signal.

All events are required to have a pair of oppositely-
signed muons within |η| < 2. Each muon must have a
pT of at least 10 GeV. A jet veto is placed on all jets,
except the two hardest. The veto is 15 and 50 GeV
for the Tevatron and LHC, respectively. Lastly, it is

4 This version of MadEvent does not apply the xqcut to leptons.
We thank J. Alwall for altering matrix element-parton shower
matching for this study.
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New chiral supermultiplet S also gives an extra neutralino s̃

- Makes the neutralino sector more complicated: may need LHC

and ILC synergy to unravel.

Figure 2. Predicted masses and gaugino
admixture for the heavier neutralinos χ̃0

3 and
χ̃0

4 within the parameter ranges consistent
at the ILC500 analysis in the MSSM and
a measured mass mχ̃0

i
= 367 ± 7 GeV of

a neutralino with sufficiently high gaugino
admixture in cascade decays at the LHC. We
took a lower bound of a detectable gaugino
admixture of about 10% [9].

without spin correlations
with spin correlations
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Figure 3. Forward–backward asymmetry
of e− in the process e+e− → χ̃+

1 χ̃−
1 , χ̃−

1 →
χ̃0

1"
−ν̄, shown as a function of mν̃e . For

nominal value of mν̃e = 1994 GeV the
expected experimental errors are shown. For
illustration only, the dashed line shows that
neglecting spin correlations would lead to
a completely wrong interpretation of the
experimental data [13].
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New chiral supermultiplet S also gives an extra neutralino s̃

- Dark matter particle, can be quite light
- Invisible Higgs decay h0 → s̃s̃ if light enough

Plot: ATLAS with 30 fb−1. Scaling factor ξ2σSM ≡ σ ×BR(H → invis)
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Figure 6: Left: The 95% confidence level exclusion for the variable ξ2 as obtained from a search
for ZH production with Z → "" and H → inv (this analysis). Right: The 95% confidence level
exclusion for the variable ξ2 as obtained in the search for invisible Higgs boson decays in the ZH,
ttH and qqH associated production assuming an integrated luminosity of 30 fb−1.
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ZHinv – uses

Z → `+`−

VBF looks very good,

but not clear how

well events can be

triggered.

tt̄Hinv – may be room

for improvement?

ATLAS study in

progress.
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Summary

MSSM Higgs sector has a rich phenomenology

One Higgs boson h0

- Can be very similar to SM Higgs

- Mass is limited by MSSM relations, . 135 GeV

Set of new Higgs bosons H0, A0, and H±

- Can be light or heavy

- Search strategy depends on mass, tanβ

Beyond the MSSM:

- Usually one more new Higgs

- Can have dramatic effect on Higgs phenomenology
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